The nanometer-scale architectures in thin films of self-assembling block copolymers have inspired a variety of new applications. For example, the uniformly sized and shaped nanodomains formed in the films have been used for nanolithography, nanoparticle synthesis, and high-density information storage media. Imperative to all of these applications, however, is a high degree of control over orientation of the nanodomains relative to the surface of the film as well as control over order in the plane of the film. Induced fields including electric, shear, and surface fields have been demonstrated to influence orientation. Both heteroepitaxy and graphoepitaxy can induce positional order on the nanodomains in the plane of the film. This article will briefly review a variety of mechanisms for gaining control over block copolymer order as well as many of the applications of these materials. Particular attention is paid to the potential of perfecting long-range two-dimensional order over a broader range of length scales and the extension of these concepts to functional materials and more complex architectures. #
Introduction
Block copolymers have been suggested for many applications based principally on their ability to form regular nanometer-scale patterns. These self-assembled patterns have been considered as nanolithographic masks as well as templates for the further synthesis of inorganic or organic structures. Such applications are made possible by exploiting contrasts in chemical or physical properties that lead to differential etch rates or attractions to new materials. New applications in fuel cells, batteries, and optoelectronic devices rely on the inherent properties of the blocks. All of these uses depend on the extremely regular self-assembly of block copolymers over macroscopic distances. Frequently, however, the orientation of the nanodomains is not perfect or the grain size is insufficiently large. In these cases, much work has been done to control the self-assembly and orientation of block copolymers. This review will discuss many of these control techniques and also several of the targeted applications.
A block copolymer consists of two or more polymeric chains (blocks), which are chemically different and covalently attached to each other. In the melt, they are driven to segregate into a variety of ordered structures by the repulsion of the immiscible blocks, much as in the case of a blend of immiscible homopolymers. In this far simpler case of a blend of two homopolymers, A and B, the phase behavior may be controlled by three experimental parameters: the degree of polymerization (N), the composition (f), and the A-B Flory-Huggins interaction parameter (x). The Flory-Huggins equation describes approximately how these parameters affect the free energy of a blend:
The first two terms correspond to the configurational entropy of the system, and can be regulated via the polymerization chemistry to change the relative lengths of the chains and fractions of A versus B polymer. In the third term of (1), x is associated with the non-ideal penalty of A-B monomer contacts and is a function of both the chemistry of the molecules and temperature. In general,
where a and b are experimentally obtained constants for a given composition of a particular blend pair.
Experimentally, x can be controlled through temperature. Unlike macrophase separation in blends, the connectivity of the blocks in block copolymers prevents complete separation and instead the diblock copolymer chains organize to put the A and B portions on opposite sides of an interface. The equilibrium nanodomain structure must minimize unfavorable A-B contact without over-stretching the blocks [1] . The strength of segregation of the two blocks is proportional to xN. A symmetric diblock copolymer is predicted to disorder (or pass through its order-disorder temperature (ODT)) when xN < 10. Below the ODT and when the volume fraction of block A (f A ) is quite small, it forms spheres in a body-centered cubic (BCC) lattice surrounded by a matrix of B. As f A is increased towards 0.5, the minority nanodomains will form first cylinders in a hexagonal lattice, then a bicontinuous double gyroid structure, and finally lamellae. The size and periodicity of the nanodomains are also functions of the polymer size (N) and the segmental interactions (x), as shown in Fig. 1 [1, 2] .
In the thin film state, the block copolymer nanodomain formation takes place relative to the surfaces of the film. As demonstrated in Fig. 2 , the nanodomains tend to form with a particular orientation to the substrate surface. In the case of shapes with long axes (cylinders and lamellae), the orientation of the long axes with the surface is a major characteristic of the film. Cylinders lying parallel to the surface and lamellae standing perpendicular may each be of interest in the patterning of nanowires. Upright cylinders and spheres may be of interest in the patterning of hexagonal arrays for data storage. In this article, many the current and potential applications of block copolymer thin films will be discussed. While on a local scale, the nanodomains formed by the block copolymers are extraordinarily regular, it is difficult to control the order (meaning the orientation with the respect to the substrate and placement in space) on a more global scale. This review will begin by discussing many of the applications of block copolymer thin films, the control strategies and then conclude by looking forward to many unexplored systems and new applications.
Applications
Block copolymer thin films are of particular interest because of the possibility of obtaining twodimensional patterns with very high registry and regularity. In particular, they provide access to a length scale that is not available to traditional lithographic techniques. Although block copolymers have also made extensive inroads to bulk applications ranging from drug delivery to structural materials, this section will focus on applications of thin films. One focus of great interest has been in the patterning of microelectronics components on a length scale inaccessible by optical lithography. Many device structures are simply miniaturized descendents of current electronics. For instance, highdensity hard drives can be made by using the polymer nanodomains to pattern magnetic bits with a significantly greater number of bits per unit area than the current optical lithographically patterned drives. Other applications are wholly new and based on the ability to template the block copolymer Fig. 2 . When confined to a thin film, the orientation of block copolymer domains with respect to the substrate surface is crucial for many applications. (A) Lamellae lying parallel to the substrate, (B) lamellae aligned perpendicular, (C) cylinders lying parallel, (D) cylinders perpendicular, and (E) spheres. In the case of lamellae in the perpendicular orientation and cylinders in parallel, lines can be patterned if the persistence length of the structure can be controlled. In the case of upright cylinders and spheres, the grain size and perfection of the hexagonal array is of primary importance.
directly. For instance, poly(ethylene oxide) (PEO) containing block copolymers may be very useful as the electrolyte layer of a battery or fuel cell, particularly if the electrolyte channel can be patterned in with a particular orientation. Furthermore, as the synthesis of conducting polymers and metalcontaining block copolymers matures, the ability to pattern materials on the nanometer length scale extends into yet another new range of applications. In this section, applications will be broken down into two categories: top-down and bottom-up techniques. Top-down techniques, in general, refer to the traditional methods of the semiconductor industry in which pattern transfer from the block copolymer is used to pattern an underlying substrate. In bottom-up techniques, the active components are directly self-assembled.
Top-down fabrication
Traditional microelectronics fabrication has relied on approaches involving the direct patterning of subsequent layers. Trends to smaller feature sizes, as exemplified by Moore's law, with inherently decreased diffusion distances and increased surface/volume ratios are rapidly approaching the limits of traditional optical lithography, approximately 100 nm. While several alternatives have been introduced, many are prohibitively expensive. All of the following current lithography techniques rely on the same basic principle: the exposure of a material to electromagnetic radiation which chemically alters the exposed regions to make them either more or less soluble. The image is then developed into a relief structure which can then be transferred into another layer either by etching or by the subsequent deposition of material. Optical lithography is simply the exposure of some of the resist to ultraviolet light through a mask which shields the unexposed portions. This method, however, is limited by the wavelength of light (submicron). Electron beam lithography is capable of far smaller features, but each feature must be written into the surface individually, rather than the massive parallel exposure that occurs in optical lithography. Interference lithography employs the interactions between coherent laser beams to directly pattern the resist on a submicron length scale. Zone-plate array lithography accomplishes a similar result using an array of Fresnel zone plates to focus an X-ray source. Both of these techniques, however, require moderately expensive, new equipment. Nanoimprinting, which will be discussed in more detail later in this review, is an interesting route to repeatedly and relatively inexpensively pattern surfaces. This technique requires a master patterned by some alternate route to serve as a model. Self-assembled block copolymers as lithographic masks offer an interesting, potentially inexpensive alternative. In this case, the block copolymer thin film is used as a sacrificial layer to transfer a dense set of nanoscale patterns into the desired material. The goal is generally to achieve highly uniform structures with high aspect ratios for application in a variety of devices from capacitors and biochips to quantum dot arrays and transistors.
Nanolithography
Self-assembling routes to regular patterns on length scales less than 100 nm are attractive due to their relative ease of implementation and low cost. Nanometer-scale silicon oxide patterns are potentially useful as dynamic access memory stack capacitors, while magnetic dots may form useful hard drives. For each of these applications, the block copolymer pattern must be transferred to the appropriate material by either etching an underlying substrate or depositing the new material on top. Harrison et al. have recently published a comprehensive review of the transfer of patterns targeted to those familiar with traditional lithographic techniques [3] .
Park et al. first demonstrated the use of block copolymer films as etch masks to transfer patterns to an underlying semiconductor substrate [4] . As shown in Fig. 3 , the film can be used as a positive mask by removing the minority block (in this case by selective ozonation which attacks the double bonds in the backbones of polyisoprene and polybutadiene) and then using a non-selective physical etch (reactive ion etching (RIE) with CF 4 ) to transfer the pattern of holes to an underlying semiconductor substrate. A negative mask can be made of the same block copolymer which will generate an array of posts instead of holes. In this case, the polydiene is stained with osmium tetroxide so that the matrix will etch in CF 4 , while the minority block is now etch-resistant. Similarly, poly(styrene-b-methyl methacrylate) is a promising choice for nanolithographic applications since the nanodomains of poly(methyl methacrylate) may be degraded by radiation and then removed with acetic acid [5] to create a positive mask. While these etching techniques lead to a huge density of holes or pits on the Fig. 3 . Processing scheme for block copolymer lithography. The sequential removal of one component and further etching of the sample replicate patterns on the order of tens of nanometers to a SiN surface (from [4] ). Route B demonstrates a positive resist, while route C demonstrates a negative one. Reproduced with permission from Science [4] .
surface, achieving a suitable aspect ratio has been a problem due to the spherical shape of the nanodomains which form the mask and the relatively fast etch rate of the polymeric mask. Cylindrical nanodomains have greater aspect ratio features, and have been used to produce dynamic access memory stack capacitors [6] [7] [8] . In processing these devices, however, Guarini and coworkers showed that the polymer films must be sufficiently thin (<45 nm) to demonstrate a high degree of pore-size uniformity. The block copolymer spherical domains or short cylinders were used to etch into a secondary dielectric mask and then this harder, etch-resistant layer was used as a mask for patterning the underlying substrate [8] .
Lift-off techniques which involve the vacuum evaporation of an inorganic material into the nanometer pores of a developed block copolymer mask are probably the most direct way to transfer patterns to fabricate magnetic [9, 10] and nanoelectrode arrays [11] . Alternatively, many of the etching techniques used above can be transferred to underlying metal layers. In these cases, however, the etch contrast between the developed and undeveloped regions must be quite large due to the slower etch rate of the metals. Polyferrocenylsilanes (PFS) have a significantly lower etch rate than most organic polymers, so selective etching of the PS domains in a PS-b-PFS block copolymer happens automatically and yields high aspect ratios [12] [13] [14] [15] . Using a multilayer process, this pattern can be transferred first into a dielectric such as SiO x and then into a magnetic material, such as cobalt, nickel or iron, for use as magnetic data storage media, as shown in Fig. 4 [12, 13] . Control of the longrange order of the PFS spherical nanodomains necessary for data storage applications has been demonstrated by Cheng et al. and will be discussed in detail later in this article [16, 17] . For similar applications, Russell and coworkers have used RIE to transfer the pattern from a nanoporous PS film into a FeF 2 /Fe bilayer [18] , while Asakawa and coworkers have used a spin-on-glass to create an intermediate mask from a similar nanoporous PS film and then used the glass dots as a mask to ion mill an underlying magnetic film [19, 20] . Ober and coworkers have explored the use of small molecule additives to enhance the phase selective chemistry available in block copolymer systems, merging the block copolymer lithographic routes with more standard light-driven pattern development processes of the microelectronics industry [21] .
Nanostamping and imprinting
Siloxane-based elastomers have found widespread use as stamps for transferring patterns in optical systems, microelectronics, and sensors. In most cases, these stamps are manufactured by lithographically patterning a mold, filling the channels or pores with a poly(dimethylsiloxane) (PDMS) prepolymer, curing, and then releasing the stamp from the mold for future use. Recently, there have been a few schemes demonstrated for patterning a nanometer-scale stamp using a block copolymer mold. The pores formed by a PMMA-b-PS mask, similar to that discussed in the last section, serve as the features for these molds. Despite optimization of the stamp filling process involving an increase in the hardness of the PS mold via crosslinking, the use of a PDMS prepolymer dissolved in toluene to enhance wetting of the 20 nm pores, and the use of an electric field driving force to enhance pore filling, posts in the stamp were only 6 nm high in comparison to the 40 nm deep pores in the mold. This example reveals a fundamental challenge that must be met by this method, i.e. displacing air to fill 20 nm features of the mold with a viscous prepolymer. This seems to indicate that any route towards stamp development on this length scale will be plagued by similar issues, regardless of whether the master is made via block copolymer patterning or a more traditional method [22] .
Probably, the most viable challenger to block copolymer lithography is nanoimprint lithography, a technique which builds on much older embossing techniques. This method takes advantage of other more expensive or tedious lithographic techniques to pattern a master on a nanometer length scale, but this master may be used repeatedly. In nanoimprint lithography, the master is made out of a hard material such as silicon or nickel. The pattern is transferred from the master (which must be made out of a suitably hard material) to the substrate by pressing it with a relatively large force into a resist that is heated above its glass transition temperature [23] . When the resist is of high viscosity, similar filling problems to those listed above may occur. In this case, however, a transparent master may be used to mold a very low viscosity prepolymer that can be photopolymerized, while still encased in the mold [24, 25] . Upon separation from the mold, a pattern is left on the surface and can be transferred into an underlying substrate using standard microelectronic processing techniques.
Bottom-up techniques
Recent interest in this field stems from the recognition that block copolymers may enable a wide variety of new applications beyond the traditional semiconductor industry. For applications such as nanofilters and catalysis, a functional material is contained within a block copolymer nanodomain rather than the etching of an underlying substrate as previously discussed. These domains can be obtained by seeding one of the blocks or fully formed nanodomains with the new material or by synthesizing and processing functional copolymers. Fig. 4 . The inherent etch contrast in a poly(styrene-b-ferrocenylsilane) block copolymer makes it possible to create higher aspect ratio features as shown in the scanning electron micrograph of the mask (A). Schematic (B) demonstrates a route towards magnetic dots applicable to hard drive fabrication using this block copolymer. Reproduced with permission from Advanced Materials [13] .
Incorporation of nanocrystals and nanoreactors
Quantum size effects and large surface to volume ratios can contribute to the unusual properties of nanoconfined inorganics and studies of these effects have sparked great interest in the fabrication of nanometer-scale particles of metal or metal oxides. The synthesis of nanoparticles from block copolymer nanodomains is an effective route to controlling the size distributions, shapes, and placements of the nanoparticles. The synthesis may be performed by binding the inorganic (either physically or chemically) to the polymer backbone prior to self-assembly or by loading an already formed nanodomain. In the simplest renditions, one may choose blocks with higher affinities to attract the inorganic. For instance, Jaeger and coworkers demonstrate that metals deposited directly to the surface of a film would segregate into the underlying nanodomains. Hydrophilic blocks such as PEO can absorb reactants such as SiCl 4 which can be used to grow SiO 2 posts directly within the domain, removing the development step within the lithographic process [26] [27] [28] .
More intricate mechanisms make use of metal-containing polymers which are directly selfassembled. Cohen and coworkers attached metals to the backbones of norbornene-based polymers which then self-assembled into the expected spheres, cylinders and lamellae when cast into thin films and heated to allow equilibration. These inorganic nanodots serve as reactors and can be converted to a variety of metal oxides, chalogenides, or zero-valent metals [29] [30] [31] [32] [33] . This method was later generalized to self-assemble a carboxyl functionalized norbornene polymer into which the metal salts could later be loaded by soaking for a period of several weeks. Poly(2-or 4-vinyl pyridine) (PVP) block copolymers are particularly able to complex with many metal salts due to the presence of the nitrogen in either the two or four position of the aromatic ring. Solution phase routes for fabricating palladium [34] , cobalt [35] , gold [36] , rhodium [37] , and platinum nanoclusters [37] in the P4VP core of a PS-b-P4VP block copolymer micelle by the reduction of a metal(CH 3 COO) 2 have been investigated for catalysis applications. Using a similar method which eliminates high-temperature heating steps, Ahmed et al. have made very regular CoFe 2 O 4 nanoparticles which are ferrimagnetic at room temperature [38] . The introduction of inorganic precursors can be accomplished directly from a preorganized block copolymer film by exposing the film to a metal-containing gas [39] often yielding ordered arrays more appropriate for nanotemplating applications. Brown and Watkins have used supercritical CO 2 to transport platinum and silver complexes to the P2VP phase of a PS-b-P2VP block copolymer where it was subsequently reduced [40] . Sohn and Seo sequestered gold nanoparticles into the P4VP lamellae of a PS-P4VP diblock copolymer thin film by making use of the strong interfacial segregation of the blocks [41] . Horiuchi et al. fabricated palladium or cobalt nanoparticles in preformed films of a variety of block copolymers by exposing the films to vapors of Pd(CH 3 COCH-COCH 3 ) 2 or Co(CH 3 COCHCOCH 3 ) 2 and then reducing these metalorganic species. The nanoparticle always formed in the block copolymer nanodomain with the stronger reducing power [42] . Manners and coworkers have demonstrated the synthesis of ceramic nanolines based on PS-PFS block copolymers [43, 44] . More recently, this group has also shown that ferromagnetic ceramic films can be formed directly by the plasma treatment of a metallopolymer (a cobalt modified PFS block copolymer) [45] .
Block copolymers in solution have also been used to form metal laden micelles which may be ordered on surfaces. Spatz et al. [46] generated quasiregular arrays of nanometer-sized noble metal and metal oxide clusters on flat substrates first forming micelles with polar cores from polystyreneblock-poly(2-vinyl pyridine) in toluene. The micelle cores could then be loaded with a metal precursor and reduced to form elemental or oxidic particles. A monolayer of hexagonally arranged micelles was transferred to a substrate by dipping the substrate into a dilute solution. The size (height) of the clusters could be varied between 1 and 15 nm depending on the concentration of the metal salt. The interparticle distance could be varied between 30 and 140 nm by using block copolymers with different lengths of the blocks. Nanoparticles fabricated via similar routes have been used as catalysts [47] , lithographic masks [48] . For instance, this approach has been extended to create diamond nanocolumns for use as cold cathode emitters [49] . Lee et al. deposited similarly fabricated cobalt nanoparticles onto a substrate pre-patterned with a periodic array of holes. The pattern geometry generated capillary forces which selectively positioned the nanoparticles within the holes. As a result, a controllable number of particles could be placed per lattice point [50] . In a similar combination of bottom-up and top-down approaches, Sidorenko et al. used the supramolecular assembly of 4 0 -hydroxybenzeneazo benzoic acid (HABA) with a poly(styrene-b-4-vinyl pyridine) block copolymer, to form a nanochannel network lined with reactive P4VP. The channels were filled with Ni clusters via electrodeposition to fabricate the ordered array of metallic nanodots [51] .
Ordering of functional block copolymers
The original self-consistent mean field simulations assumed symmetry in statistical segment length between the blocks but this not necessarily a valid assumption for many functional systems. The molecular basis for constructing free energy expressions that account for the subtle variations in mixing entropy and enthalpy that influence miscibility has been the subject of lively debate. In the case of two flexible polyolefins, a contrast in statistical segment length had a profound impact on phase behavior [52] . Bates and coworkers propose that the conformational asymmetry contribution to x is purely entropic [53] [54] [55] . For a large set of polymer coils, the phase behavior can instead be rationalized through a self-consistent set of solubility parameters (which vary linearly with statistical segment length) [56] [57] [58] [59] [60] . The non-ideal behavior of more than a dozen model polyolefin mixtures have been ascribed to this difference in pure component solubility parameters, but the model does ignore changes in inter-or intrachain structures that may occur due to variations in local crowding that may account for the mixtures that do not fit the model. These molecular pairs may be influenced by an enthalpic contribution to x through the effective coordination number which is maximized when both blocks are elongated [60] . Fascinating self-assembled structures observed by Chen et al. indicate that the presence of a much stiffer rod block fundamentally affects microphase separation [61] . Many simulations predict that as the stiffness of one of the blocks is significantly increased, a new class of intermolecular interactions is introduced, in particular the display of liquid crystalline phases such as nematic or layered smectic structures with molecules arranged with their long axes nearly parallel to each other [62] [63] [64] [65] [66] [67] [68] [69] . While the complete phase diagram of these types of molecules is not yet known, the chain rigidity of the stiff block is expected to greatly affect the details of the molecular packing and thus the nature of thermodynamically stable microphases. The high stiffness contrast between the blocks has been observed to drive microphase separation even at very low molecular weights as compared to flexible block copolymers. The supramolecular structures of rod-coil polymers arise from a combination of organizing forces including the repulsion of the dissimilar blocks and the packing constraints imposed by the connectivity of the blocks, and the tendency of the rod block to become orientationally ordered. It is not surprising that many unusual symmetries such as zigzag and arrowhead phases have been observed [61, 70] . The thin film structure, however, of rod-coil block copolymers is not nearly as well understood or reproducible as that of the coil-coil type blocks discussed elsewhere in this review.
Self-assembling biological block copolymers, such as block copolypeptides and phospholipids can be prepared from renewable resources, are biocompatible and biodegradable, and are good examples of self-assembly with several added degrees of complexity when compared to traditional block copolymers. Peptide folding, for instance, is not only controlled by the sequence of monomer units, but also by specific monomer-monomer interactions (secondary or b-structure). Materials with properties that more closely approach the complexity found in biological systems are currently being synthesized and processed into ordered assemblies for applications in tissue engineering, drug delivery, and templating of more intricate structures [71, 72] . Many of the current applications of these biomimetic block copolymers are in an aqueous solution phase [73] [74] [75] . Amphiphilic block copolypeptides have also been shown to self-assemble into dilute but rigid hydrogels that exhibit nanoscale and microscale porosity (important for potential tissue engineering applications). These also exhibit shear thinning rheological behavior and rapid recovery after the cessation of shear and can be built with specific biofunctionality [76] . Potentially, solid-state self-assembly, similar to that used in traditional block copolymers, could be used to form ordered materials useful as fibers, elastomers or stimuli responsive materials [77] [78] [79] . A broad discussion of the self-assembly and potential applications of this important class of block copolymers is beyond the scope of this review, though several other interesting reviews focused on this subject have been recently published [71, 72, 75] .
Conductive polymers with p-bonded backbones are another example of a non-coil-shaped polymer system in which block copolymer templating may be applied to great advantage in applications. Recent breakthroughs in the device physics of these materials have demonstrated that the interfaces between two conducting organics of different work function play an integral role in the separation of electrons and holes to generate energy in a photovoltaic cell or conversely in the recombination necessary to generate light. Friend and coworkers demonstrated that blending of conducting organics led to a four-fold increase in the efficiency of LEDs [80] . Heeger and coworkers have also demonstrated that blending a conjugated polymer with a water-soluble ion-transporting polymer, poly(ethylene oxide), produces efficient luminescent electrochemical cells [81] . Hadziioannou and coworkers have demonstrated the formation of photovoltaic cells made from electron donating/electron accepting block copolymers [82] [83] [84] . Essential to all of these devices is controllable, predictable pattern formation which is based on phase separation. Several groups have observed the self-assembly of block copolymers formed from a conjugated rod block covalently bonded to nonconjugated coil block. Currently, these materials have been reported to self-assemble into a large number of novel structures. Yu and coworkers reported lamellar organization of spun-cast thin films of a rod-coil block copolymer containing oligo(phenylene vinylene) (PPV) derivatives as the rod blocks and polyisoprene or poly(ethylene oxide) as the coil block [85] . Other conjugated rod-coil block copolymers have been seen to assemble into ribbon-like fibrils [86] and non-spherical micelles [87] . Rod-coil triblocks containing oligo(phenylene vinylene) synthesized by Stupp and coworkers have been observed to self-assemble into mushroom shapes in solution [88] [89] [90] , while poly(phenylquinoline-b-styrene) copolymers form hollow spheres when cast from specific solvent mixtures [91] . One of the main challenges to understanding and controlling order in these highly segregated, complex systems lies in obtaining and distinguishing equilibrium. Many of the above systems were solvent-cast and trapped in non-equilibrium structures as the solvent evaporated. The same may be true for thermotropic systems in which a rapid quench in temperature across liquid crystalline phase transitions can result in trapping. In light of the extraordinary progress made towards controlling order in classic block copolymers, it is entirely expected that in the near future the phase diagram of these unusual rod-coil block copolymers will become clearer and evidence of successfully templated and controlled structures of use for optoelectronics will appear.
Block copolymers are attractive electrolytes for solid-state batteries in which the ionic conductivity of a liquid, the mechanical properties of a solid, and the formability of a commodity thermoplastic are desired. Additionally, the polymer (or block therein) must have a high dielectric constant and chain mobility at room temperature. By choosing a lithium salt-solvating polymer as one block component, continuous ion-conducting pathways can be templated. Poly(ethylene oxide) is a popular choice for the ionically conductive block when combined with a stiff, high-Tg block for dimensional stability [92] . Many alternatives for the PEO block have been suggested and are discussed in a recent review [93] . The microphase separated, ordered morphology may also be used to lend solidlike mechanical properties even above the glass transition temperatures of both blocks. Soo et al. have demonstrated that a self-assembled poly(oligooxyethylene methacrylate)-b-poly(laurel methacrylate) (POEM-b-PLMA) block copolymer is mechanically stable and has an ionic conductivity similar to the molten homopolymer POEM [94] . The presence of salts in the polyelectrolytes for battery and fuel cell applications, however, affects both the conformation of the chain and the x parameter of any block copolymer with a polyelectrolyte block [95, 96] . The thermodynamic self-assembly of a poly(ethylene oxide)-based block copolymer can also provide a template for incorporation of gold salts or nanotubes to create a self-organizing, nanocomposite electrode [97] . Bullock and Kofinas have used ionically conducting block copolymers as templates for the synthesis of lithium manganese oxide nanoparticles such that a self-assembled film functions as both a polyelectrolyte and as a composite anode in a lithium battery system [98, 99] .
Directly self-assembling functional structures may simplify fabrication processes and allow for new applications. Most of our knowledge of block copolymer self-assembly, however, relies on classic organic backbone polymers. The special properties of inorganic backbones provide new handles to be tuned for order control. Eitouni et al. have demonstrated that the x of a poly(styrene-b-ferrocenyldimethylsilane) polymer is similar to that of poly(styrene-b-isoprene) and when the redox states of 8% of the ferrocene moieties are changed, the order-disorder transition temperature can be reduced by as much as 40 8C [100] . These stimuli responsive materials may be very useful in applications requiring multiple switches, such as actuators and photonics. Cheng et al. have demonstrated that block copolymer templating techniques may be used on these types of systems, although they appear to order only over a shorter length scale [101] . Hinderling et al. have used a similar PFDMS block copolymer as the catalyst for the growth of carbon nanotubes of controlled width. In this application, the nanotube will have a diameter equal to the radius of the spherical catalyst domain, which can in turn be tuned by the polymer chemistry. As a result, they have demonstrated an interesting new route to the controlled growth of diameter tuned nanotubes, as shown in Fig. 5 [102] . 
Imaging and analyzing nanometer-scale order
Classic studies concerning the organization of block copolymers utilize small angle scattering (X-ray or neutron) to analyze long-range three-dimensional order and transmission electron microscopy (TEM) to observe real-space pattern formation. The addition of a hard substrate in the thin film morphology creates a difference between the in-plane and out-of-plane directions in the organization of the thin film. The direction perpendicular to the substrate is well studied by a variety of depth profiling techniques including secondary ion mass spectroscopy, time-of-flight forward recoil spectrometry, nuclear reaction analysis, and X-ray or neutron reflectivity. A comprehensive review of both real-space and momentum space profiling is covered in greater depth in a previous review [103] .
The detailed structure including grain defects such as disclinations and dislocations are also important to applications involving lithographic templating. Techniques from crystallography are finding their place in block copolymer order analysis. Transmission electron microscopy of the inplane structure of a film may be performed by delaminating the film from its non-transparent substrate and ''floating'' onto a dummy substrate such as a copper grid. Morkved et al. used silicon nitride windows to create solid substrates on which block copolymer layers could be imaged through TEM [104] . Both scanning electron microscopy and atomic force microscopy can be used to visualize the real-space locations of nanodomains if they can be resolved from the top of the film. Scanning probe microscopies easily image contrasts in moduli of the top layer of a film and may sometimes be aided by selective swelling of one of the materials to create further contrast. Both SEM and SPM techniques, however, only image the top of a film. Reactive ion etching can be used to view materials that have glassy surface layers or to etch to the midplane of the layer of interest. Correlation of images from multiple layers of nanodomains can yield information on the three-dimensional structure of a thin film [105, 106] . Mathematical treatments of images of the nanodomains can quantify the degrees of order observed. Voronoi diagrams and Delauney triangulations can be used to count the number of nearest neighbors of spheres or cylinders in crystalline lattice and simplify the process of pinpointing dislocations and grain boundaries [90, 107, 108] . Using these tools, Hammond et al. statistically illustrated that cylinders in a dislocation core modify their radii to suit the pressure field around them [109] . Correlation functions quantify degrees of translational and orientational order within any single crystal allowing comparisons of order [110, 111] . Caution must be exercised in each of these calculations as small hystereses, such as piezo creep in SPM imaging which could be ignored in qualitative analyses of order, are major effects in quantitative imaging. A variety of methods have been introduced to correct images for these small errors to minimize this problem [112, 113] .
In well-organized samples, the grain size may be larger than 50 times the domain spacing, and images which are large enough to encompass several grains and allow a measurement of grain size do not resolve individual nanodomains. In some cases, the ''sewing'' together of several images may be used to illustrate grain size, but this effect is slow, tedious, and prone to inaccuracy. Angelescu et al.
have used undersampled microscopy to analyze grain boundaries in two dimensions [114] . The overlaying of a 512 Â 512 pixel imaging array on a randomly oriented hexagonal grain creates a Moiré pattern as shown in Fig. 6 . Hexemer et al. used an AFM with minimized thermal drift to create Moiré patterns in which it was possible to locate dislocations and other point defects in two-dimensional block copolymer arrays [113] .
Most of the in-plane analysis techniques described above are only capable of observing the organization of the upper-most surface (sometimes following an etch). Order within the plane of the film is an essential component in nanopatterning applications. Grazing incidence small angle X-ray or neutron scattering (GISAXS or GISANS, respectively) provides information on the lateral and internal ordering of a thin film averaged over the length of the sample. Unlike standard small angle scattering techniques, this technique is not hindered by the presence of a non-X-ray transparent substrate since the data are acquired in a reflection geometry. The result is a Fourier space picture of the long-range order of the materials which includes information on buried structures frequently unobservable with AFM [115, 116] . This technique is also useful for observing the real time evolution of order in polymer films [90] .
Film casting
The first obstacle to studying and reproducing order within a self-assembling thin film is casting a film which is of constant thickness and smooth over a large area. Below are outlined a few of the common casting techniques and a discussion of how thermal equilibrium in the films can be achieved.
Inducing order during film formation
Essential to most polymer thin film applications is the long-range order of the nanoscale features. In principle, the self-assembly process leads to regular, stable organization because the structure is close to thermodynamic equilibrium. Both dip coating and solution casting are slow processes which allow self-assembly to occur during the casting process. Furthermore, the non-equilibrium effects of solvent evaporation actually lend an orientational field leading to interesting morphologies. For instance, the orientation of block copolymer cylinders changes with the evaporation rate of the solvent [117] . More commonly, however, block copolymer thin films are prepared by spin-coating. In this process, a drop of dilute polymer solution ($1% by weight) is dropped on a spinning solid substrate. As the substrate spins, all but a boundary layer of the solution is spun off. The thickness of the boundary layer depends on concentration and spin speed and these variables therefore control the thickness of the final film. The surface roughness of both spun-cast and solvent-cast films can be controlled by varying the evaporation rate of the solvent. When the solvent is too volatile, the surface is roughened by flow instabilities [118] . As will be discussed later, the physical behavior of the solvent can also influence the order of the block copolymer. In particular, when the solvent is crystallizable, directional crystallization of the solvent can influence the orientation of the block copolymer selfassembly. Since the solvent is frequently chosen to maximize film uniformity, the use of truly nonselective solvents is rare. Furthermore, the solvent flashes off so quickly that equilibrium structures are not usually observed. Self-assembly is frequently allowed to occur during a long anneal at elevated temperatures under vacuum. This technique not only removes solvents and minimizes surface-induced non-equilibrium effects, but also increases the chances of a polymer reaching its thermodynamic equilibrium morphology.
As the molecular weights of the block copolymers rise and the architectures become more complex, kinetic barriers to thermodynamic equilibrium become larger obstacles. The trapping of metastable states has been observed numerous times in rod-coil block copolymers. For applications requiring larger domain spacings, extremely large molecular weights are necessary. In strongly segregated melts, the characteristic microdomain spacing d increases approximately as the two-thirds power of molecular weight [119] . Unfortunately, the diffusion coefficient scales as exp(ÀaxN) which means that the rearrangement process quickly become glacially slow as the domain length increases [242] . Yokoyama et al., for instance, demonstrate that the time required for a single chain to hop from one set of block copolymer spheres to another was on the order of minutes [148] . As a result, the temperature window between glass transition and decomposition is often insufficient for thermal equilibration. In these situations, several groups have proposed solvent vapor annealing of thin films [117, [120] [121] [122] . The vapor acts as a plasticizer and provides mobility to the film without a significant increase in temperature. The solvent can also screen unfavorable interactions between the segments leading to a depression in the order-disorder transition [123, 124] . Since completely non-selective organic solvents are rare and selectivity leads to an apparent change in the composition of the block copolymer, it is not surprising that solvent annealed films are organized differently than their thermally annealed counterparts. Furthermore, the evaporation of the solvent is highly directional, and can be used to induce orientation. For instance, flow normal to the pinned contact line, leads to well-ordered, highly aligned arrays of cylindrical nanodomains over lateral length scales of several tens of micrometers [125] . Krausch and coworkers demonstrated both that the choice of solvents dramatically impacts the kinds of structures observed and also that the rate of solvent removal plays a role in the orientation of the nanodomains [126, 127] . Cylinder-forming diblock copolymers demonstrate better order when vapor annealed, but are more sensitive to aging effects than thermally annealed counterparts [128] . Although compressed fluids are generally poor solvents, supercritical CO 2 has recently been demonstrated as an efficient plasticizer for block copolymer annealing [129] [130] [131] . The absorption of the compressed gas by the film may be controlled precisely through the fluid density at very low volume fractions. The presence of CO 2 has been observed to have a surprising effect on the miscibility of two blocks, but little is known about the long-range ordering of thin film structures during this type of anneal [130, 131] .
Film thickness
A difference in block interfacial energies will attract one of the blocks to the substrate, inducing a layering effect on the remainder of the film [132] [133] [134] [135] [136] [137] . Lamellar films possess a natural repeat spacing of the domain structure, L 0 , and pay a free energy penalty due to chain stretching or compression when the film thickness is not commensurate with this spacing. This results in the generation of islands and holes (surface structures) at the polymer/air interface. Smooth films are observed after annealing above the glass transition only when the original, spun-cast film thickness matches a natural thickness (h). When both surfaces attract the same block, h is equal to nL 0 , where n is an integer. When the two interfaces attract different blocks, flat films only occur when the initial film thickness equals (n + 1/ 2)L 0 . In sphere-and cylinder-forming block copolymers, islands and holes form when the film thickness does not closely match a natural thickness given approximately by h = an + b, where a is the sphere (or cylinder) layer-to-layer distance and b is the thickness of the brush adsorbed on the surfaces (if such a brush forms).
In very thin films, these surface effects can cause significant deviations from the predicted bulk structure. As shown in Fig. 7 , surface reconstructions of a cylindrical block copolymer including reorientation of nanodomains, wetting layers, and perforated lamellae have been observed due to the interplay between surface fields and confinement effects [138] .
Recently, surface patterning has been employed by several groups to control island structures. For sub-lamellar thickness films, corrugations in the substrate with repeat spacings on the lamellar size scale create thickness modulations in the overlying polymer film and have been shown to have dramatic effects on lamellar orientation [139, 140] . Heier et al. have succeeded in templating surface domain structures on smooth substrates that were chemically patterned by microcontact printing on a scale of 1-16 mm [141] . Similar patterning of island and holes has been shown for sphere-forming [142] and lamellar [143] block copolymers on a topographically patterned substrates. Several more studies have investigated the effect of surface patterning on block copolymer orientation and order and these will be discussed later in this review. 
Evolution of order
For all the applications listed above, block copolymers are being utilized in part for their ability to form regularly sized and regularly spaced nanodomains. Even though a large number of equilibrium morphologies are expected, it may take a very long time to reach the equilibrium structure. During this process, one may track several events: (1) the formation of equilibrium nanodomains; (2) the arrangement of these nanodomains into crystalline arrays of increasing size (grain boundary annihilation); and (3) the removal of defects such as disclinations and dislocations.
Thicker films and bulk order evolution
Ordering kinetics have been examined in bulk samples but a mechanistic understanding of coarsening dynamics has failed to emerge due to the complexities of defect motions that cannot be easily discerned in bulk samples. Coarsening kinetics in polystyrene-polyisoprene bulk systems have been studied by Balsara and coworkers in bulk systems via depolarized light scattering. They found a slowing of grain growth with time and suggested that grain boundaries gradually became pinned [144, 145] . It is necessary, however, to balance the kinetics of pattern formation with the thermodynamics of block copolymer segregation in order to achieve even higher degrees of order. For instance, Kim et al. demonstrated that grain growth rates can be optimized by correctly tuning the quench depth of a bulk sample from the order-disorder temperature due again to an interplay between thermodynamic driving forces and viscous resistance [146] . Recently, Hashimoto et al. have shown that a single grain lamellar microdomain orientation can be achieved using an applied temperature gradient. Also in this case, the process is very slow ($2 mm/day) [147] . Yokoyama et al. showed that in the three-dimensional case of very thick films of block copolymer spheres, the interplay between kinetics and thermodynamics controls the extent to which layers of spheres stack with registry to the surface [148] . The degree to which the two blocks will segregate thermodynamically is proportional to xN. The lower the temperature, the stronger the driving force causing the two blocks to segregate and order. Diffusion of chains depends strongly on the geometry of the nanodomains. In the case of lamellar, cylindrical, and gyroid domains, diffusion along an interface occurs by a different mechanism than that perpendicular to the interface. In the perpendicular case as well as in diffusion between spherical nanodomains, the diffusion coefficient is D $ D 0 exp(axN min ), where N min is the shorter of the two blocks [149] [150] [151] [152] . At lower temperatures, the polymer may not diffuse fast enough to allow rearrangement of domains into a structure with long-range order. The interplay between these opposite dependences on xN results in an optimum annealing condition for thick films of sphereforming block copolymers [148] . This concept should extend to other block copolymer geometries, though this has not been tested.
In the special case of very thin films, local defects may significantly affect the reorganization process. The Ostwald ripening of islands and holes may be easily followed and has provided significant insight into the motion of block copolymers into and out of these structures. Initially, islands and holes form randomly over the sample surface by a process analogous to spinodal decomposition [153, 154] . Typically, the average size of the islands increases through coalescence of smaller domains and the growth of larger domains at the expense of smaller ones through an Ostwald ripening process [155] [156] [157] [158] [159] [160] [161] [162] . This coarsening is driven by the line tension of the edges of the two-dimensional islands so that over time there is a decrease in the total length of island edges. Heier et al. templated the structure of islands of strongly segregated, lamellae-forming block copolymer using an underlying periodic chemical structure on the substrate formed by microcontact printing. By watching the disappearance of isolated islands near an absorbing boundary, they concluded that the primary mechanism of island shrinkage is the viscous flow of chains along a continuous path created by a defect in the lamellar structure within the islands [163] as originally proposed by Grim et al. [164] . Islands and holes of a sphere-forming block copolymer formed on a topographically patterned substrate cannot disappear via a similar mechanism since there is no route for viscous flow of chains even in defect structures. If the island near the absorbing boundary exists only on top of a brush layer, the shrinkage appears to be limited by the detachment kinetics of a chain from the island. If the island is on top of another layer of spheres, the shrinkage of the islands is much faster than would be expected if it were controlled by the diffusion of chains through the underlying nanodomain structure. This indicates the insertion of entire spheres from the island into the layer below, probably through a defect in the underlying film [142] . This is in contrast to the bulk case in which diffusion does not appear to occur through the diffusion of entire spherical domains and instead occurs through the hopping diffusion of individual chains [165] .
Two-dimensional ordering
The two-dimensional nature of a single layer of nanodomains on a surface also simplifies the task of identifying and observing individual defects. The confinement to two dimensions also fundamentally changes the nature of the organization. For instance, in the two-dimensional hexagonal crystal formed from a layer of spheres, dislocations are point defects and exist in equilibrium. As a result, it is not physically possible to have perfect order, even with optimal annealing conditions at long times. Order evolution in two-dimensional systems is historically an area of interest, but true two-dimensional systems can be realized in only a limited set of experimental arrangements such as bubble rafts, magnetic bubbles, and colloids trapped between substrates or on fluid surfaces. A single layer of block copolymer nanodomains on a substrate is a new addition to this class of systems in which ordering occurs on an observable size scale over an accessible length of time within a wide range of temperatures.
Immediately after film formation, thin films exhibit small grains in the case of spherical nanodomains or very short persistence length, in the case of cylinders and lamellae. Each of these arrays demonstrates not only grain boundaries but also a plethora of point and line defects, as shown in both Figs. 8 and 9. Elegant work by Harrison and coworkers on the coarsening dynamics of a cylindrical block copolymer thin film indicates that disclination annihilation generally requires the coherent annihilation of multiple individual disclinations as seen in [110, 166] . They found that annihilation events required either three or four individual disclinations to collide and the orientational correlation length of the nanodomains grew with the average spacing between disclinations, following a power law j 2 (t) $ t 1/4 as a function of time t. By tracking individual disclinations with time-lapse atomic force microscopy, they found that the dominant mechanisms of disclination annihilation involved tripoles and quadrupoles of disclinations, as seen in Fig. 8 . Similarly, after long annealing, the orientational correlation length of a spherical nanodomain lattice exhibits a t 1/4 temporal power law. The dynamics of pattern coarsening appear to involve the interplay of disclinations and lines of dislocations resulting in the collapse of smaller grains that reside on the boundary of two larger grains [108] .
In the case of a single layer of block copolymer spheres, dislocations are point defects and exist in equilibrium. Fig. 9 demonstrates a number of the defects observed in two-dimensional hexagonal systems. Dislocations can be created and annihilated pairwise in equilibrium, leading to defectmediated melting similar to that seen in magnetic bubble and colloidal systems [107, 167] . At sufficiently high xN min , where N min is the degree of polymerization of the minority block, the kinetic barriers are too great to allow large grain growth and a polycrystalline array with small grain size is seen. At moderate temperatures, large hexagonal grains with a finite number of dislocations were observed. As temperature is raised, the two-dimensional block copolymer crystal melts through the generation and unbinding of dislocation pairs to a hexatic phase followed by the unbinding of the dislocations into their constituent disclinations at higher temperatures resulting in a majority block matrix with randomly arranged spheres [107] . The transitions from a disordered array to a hexatic was observed to be first order [168] .
Control of BC order
For many of the applications above, it is necessary to have not only a large number of nanometerscale, regularly sized, regularly shaped domains but also to have them organized in a desired fashion. For instance, cylinders aligned with axes perpendicular to a substrate are useful for patterning nanochannels and membranes, while those aligned with their axes parallel to the substrate are useful as lines in nanolithography. Further, if all of the axes are aligned in a single direction rather than randomly in the plane parallel to the substrate they may have potential applications in waveguides [169] and dielectric mirrors [170, 171] . Spheres arranged in a large hexagonal array may be used to pattern metal dots each of which may be used as an individually addressable bit of memory, but such arrays are only useful if their degree of long-range order is sufficient for reading. The substrates of thin films play a profound role in controlling the orientation of the materials and several methods are summarized below by which either to exploit or to minimize this effect.
Epitaxy and surface interactions
Classically, the crystallographic orientation of a film of a crystallizable material is templated by the substrate. Epitaxy is defined as the growth of a crystal on the surface of another with a orientational relationship between the lattices of the two crystals. This technique has been used effectively in controlling the order of block copolymer thin films by modifying the substrate surface.
Controlling orientation with preferential wetting
In general, when a block copolymer is deposited on a substrate, one block preferentially wets an interface to minimize interfacial and surface energy. As a result, the lamellae and cylinders are induced to align with their planes (or axes) parallel to the surface due to a preferential interaction of one block with the surface and this orientation tends to propagate throughout the thickness of the film. As discussed previously, the conditions of commensuration are fixed by the natural period of the block copolymer nanodomains. When the thickness of the film is incommensurate with the natural period, relatively thin films (thickness only a few natural spacings) undergo quantization of film thickness to form islands and holes. When one block preferentially wets both the substrate and upper surface, symmetric boundary conditions exist, while asymmetric conditions are in existence when different blocks wet the opposite surfaces. Lamellar patterns parallel to the surface are not particularly useful in many nanopatterning applications, so many efforts center on the reorientation of these types of domains.
The confinement of a non-commensurate film between two surfaces prohibits the formation of islands and holes. The block copolymer chains within the film are either stretched or compressed to compensate for the deviation and the natural domain spacing is perturbed, but if the preferential surface interaction is strong, the parallel orientation persists [172, 173] . In cases of severe frustration where a large incompatibility in period and film thickness induces a large strain on the film, the film reorganizes into a heterogeneous structure in which both parallel and perpendicular lamellae are observed [174] . In contrast, when the specific interactions at the confining edges are reduced (a random copolymer with neutral interactions is used to coat the walls) the frustration is accommodated by a reorientation of the diblock copolymer so that the domains run normal to the substrates [175] .
When there is no preferential attraction of a block to the surfaces, the domains may align normal to the surface without any film thickness frustration. Mansky et al. first demonstrated that by casting the film on water, this preferential interaction could be removed resulting in cylinders oriented perpendicular from the surface, but this technique proved too unreliable for further use [176] . Alternatively, the surface of the substrate could be more easily tuned chemically to make it neutral to block copolymer interactions. Mansky and coworkers then demonstrated that a PS-PMMA random copolymer with composition tailored to be neutral to wetting by either block could be attached to the substrate surface and would induce lamellar-forming block copolymers to orient perpendicularly [177] [178] [179] [180] . Within the plane of the substrate, the persistence length of the lamellae was quite short and the arrangement was anisotropic. Heier et al. demonstrate that a non-preferential wetting layer may be composed of self-assembled thiol monolayers on gold. This route is advantageous in that the monolayer may be deposited only over short areas using a microcontact printing technique. Within these areas, the blocks may be templated to orient perpendicular or parallel to the substrate depending on the local polarity of the self-assembled monolayer [181] .
Sivaniah et al. demonstrated that the surface roughness of the substrate can also mask the surfaceinduced ordering in lamellar BCP films [182] . The lamellae must pay an elastic deformation penalty for conforming to a sufficiently irregular substrate and will in some situations rearrange to stack perpendicularly from the surface [183] . Depending on the surface roughness amplitude and periodicity, phase transitions can occur between the two orientations. Since real surfaces are rarely ideally flat, understanding and characterizing surface roughness may be of great importance in controlling orientation of lamellar phases. This orientational control mechanism, however, relies on the relative neutrality of the upper surface of the film. In the case studied here (PS-b-PMMA), this was a good assumption, but it usually does not hold true for other block copolymer systems.
Epitaxy
While the above strategies focused on controlling the orientation of the long axes of the lamellar and cylindrical geometries, the placement of the domains is particularly important for many lithographic applications. In classical growth of heteroepitaxial crystal films, atoms or molecules organize themselves on a lattice that bears a well-defined relationship to that of an underlying single crystal. In general, the templating crystal must match the natural periodicity of the adsorbed phase within 10-15% [184] . In graphoepitaxy, by contrast, the surface relief structure of the substrate directs epitaxial growth of an overlying crystalline film [185] . This relief structure can have a length scale much larger than the lattice parameter of the film and the substrate need not be a single crystal or even crystalline [186] [187] [188] . Both techniques have been adapted to pattern the organization of block copolymers.
Heteroepitaxy requires that the substrate be patterned in a commensurate fashion with the material to be templated. In small molecules, this is accomplished by lattice matching the template to the new material. Homopolymer chains align with their chain axes parallel to an alkali halide substrate surface so that crystalline lamellae built from these chains stand normal the surface [189] . De Rosa et al. used a similar strategy to control the microdomain orientation of a semicrystalline poly(ethyleneb-ethylene propylene-b-ethylene) block copolymer thin film. The crystallizable block (polyethylene) was epitaxially templated by a crystalline substrate and this block then templated the orientation of the nanodomain structure [190] , as shown schematically in Fig. 10 .
Strategies for epitaxially organizing amorphous domains of diblock copolymers on substrates have depended on creating substrate topological or chemical patterns that nearly match the domain structure of the block copolymer [139, 140, 191] . Nealey and coworkers have used extreme ultraviolet (EUV) interferometric lithography to pattern self-assembled monolayers (SAMs) to match the bulk lamellar domain period of a block copolymer (about 60 nm in this case) [192] . This patterned monolayer provides a surface energy pattern on top of which a symmetric lamella-forming poly-(styrene-block-methyl methacrylate) (PS-b-PMMA), can be spin-coated and annealed. The PMMA Fig. 10 . Schematic model showing the orientation of crystalline and amorphous nanodomains of PE/PEP/PE block copolymer epitaxially crystallized onto benzoic acid (BA). Reproduced with permission from Macromolecules [190] . block preferentially wet the SAMs that were chemically modified to contain polar groups, and the other regions exhibited non-preferential wetting behavior by the block copolymer. When the period of the chemically patterned SAM closely matches that of the block copolymer, the block copolymer orients perfectly on the patterned substrate forming grains several microns in dimension, as shown in Fig. 11 [193, 194] . Since the substrate is patterned using a perfect mask and the nanodomains align to match the polymer, it is possible for the dislocation density to be less than the equilibrium value predicted for a two-dimensional crystal on an unpatterned substrate [195] . When the underlying chemical pattern is mismatched in dimension, the block copolymer creates dislocations and other defects to minimize the strain. Simulations suggest that patterning of hexagonally packed cylinders oriented perpendicularly from the substrate should also be possible [196] . Many theoretical predictions of the arrangements of nanodomains on chemically patterned substrates have been made. Chen and Chakrabarti found that commensurability of the natural domain spacing and the period of the pattern is crucial [197] . In cases where this requirement was not met, unequal lamellar spacings [198] and tilted lamellar phases [199, 200] are predicted.
Graphoepitaxy represents an advantage over heteroepitaxy in that the surface patterning required is easily accomplished using patterning techniques already in place in the semiconductor industry. As will be discussed, however, the cost is that the order achieved may not be as perfect as that obtained with heteroepitaxial techniques. In the case of block copolymers, graphoepitaxy is achieved by using standard photolithography to pattern a hard substrate and either chemical or physical etching to transfer Irradiation of the sample with soft X-rays in the presence of oxygen transfers the photoresist pattern to the SAM and the photoresist is removed (e). A symmetric, lamella-forming PS-b-PMMA copolymer of period L 0 is spin-coated onto the patterned SAM surface and annealed (f and g), resulting in surface-directed block copolymer morphologies. If L s $ L 0 , the block copolymer will self-assemble to perfectly match the underlying substrate (h). Reproduced with permission fromthe pattern. This grating serves to induce order away from its edges and has been shown to induce block copolymer spheres to order into a single crystalline matrix over the span of several microns [201] . In the lower portion of the grating (channels), the hard sidewalls template order, while in the raised portions (mesas), the vacuum edge is the nucleating site. At higher temperatures when the spheres are no longer arranged in a crystalline lattice but have lost their translational order to form hexatics and then liquids, the wall serves to increase the orientational order in its vicinity [107, 111] . Chaikin and coworkers have shown, through time-lapse studies on a heat-stage AFM that the graphoepitaxial process in the crystalline lattice takes place through the rearrangement of the spheres. Initially, small grains of random orientation form throughout a channel. The preferred orientation (with one close packed row of the hexagonal lattice aligned parallel to the edge) seems to dominate close to the channel edge. Over time, this grain sweeps away from the step edge [202] . Channels with parallel edges form large single crystals since grains nucleated at either side are of the same orientation and can meld seamlessly [201] . In the above cases, the channel width was several orders of magnitude larger than a sphere spacing and commensurability of edge positions with the crystal lattice was not important. Hexemer and coworkers have shown that when the edges do not template the same grain orientation (for instance, the angle between two templating edges is not commensurate with the lattice angles), controlled grain boundaries can be templated [113] . Cheng and coworkers studied the effect of confining spheres into smaller volumes and identified the effect of lithographic defects and the relation of channel width and polymer sphere accommodation [16, 17] (Fig. 12) . They have found that dislocations and vacancies can be templated by defects in the wall edges or spacings. Wall spacings that do not match an integral number of sphere rows are accommodated by a change in sphere size [243] . Researchers at Toshiba have extended this work for potential application in magnetic data storage using 300 nm grooves in a spiral pattern which align PMMA spheres [19] .
As shown in Fig. 13 , Sundrani have recently used graphoepitaxy to guide the assembly of polymer cylinders along the length of the etched channels. Initially, islands and holes form on top of the topographically patterned substrate. In a manner similar to that described earlier in this review for sphere-forming block copolymers [142] , material flows from the tops of the mesas to fill the channels. In this case, however, transport may take place via a mass flow along the cylinder axis. As a result, the cylinders are oriented perpendicular to the edges of the channel so that their axes are aligned with the mass flow direction. Further annealing leads to coarsening of alignment across the full trough width at random locations along the troughs, and finally, these smaller perfected regions merge, resulting in perfectly aligned cylindrical domains along the entire channel length. Depending on trough depth and amount of deposited polymer, aligned domains are confined to the channels or extended across the grating with a complete absence of defects [203] [204] [205] .
Li and Huck have demonstrated the use of nanoimprint lithography for creating the topography for graphoepitaxy directly within a molten polymer layer [206] . Nanoimprint lithography creates features by mechanically deforming the polymer film by pressing a hard mold into the film at temperatures greater than the glass transition temperature of the film. This method is high throughput and inexpensive to apply directly to a spin-coated film of either standing or parallel cylinders. The difficulty in this technique appears to be in keeping the channel walls parallel throughout the imprinted regions. When used on standing cylinders, the patterned arrays show defects similar to those observed by Cheng et al. [16, 17] when the width of the channels are not properly tuned and controlled. Similar results were seen when nanoimprint lithography was demonstrated on block copolymer spheres [207] .
Directional crystallization
As discussed previously in this article, a small molecule solvent in a block copolymer acts as a plasticizer and depresses the order-disorder temperature. Similarly, if both the polymer and solvent are crystallizable, then the melting temperatures of both materials are depressed. If the small molecule dissolves the block copolymer above its melting temperature and directionally crystallizes as it cools, it will act as a substrate on which thin films of the block copolymers are formed. In this case, two driving forces control the orientation of the crystallizable block copolymer: first, directional solidification and second, epitaxy as the nanodomains crystallize onto the preformed organic solvent crystal [120, 208] . The combination of the two types of interactions determined the kinetically driven microstructures. In the case of an amorphous block copolymer, the fast directional solidification of the solvent during phase separation leads to an alignment of the block copolymer interface parallel to the fast growth direction of the solvent crystals. Both lamellar and cylindrical type nanodomains in a symmetric polystyrene-block-poly(methyl methacrylate) diblock copolymer and in an asymmetric polystyrene-block-polyisoprene, respectively, are globally aligned using either benzoic acid (BA) or anthracene (AN) as the crystallizable solvent [208, 209] . The directional crystallization method can be combined with previously mentioned effects, particularly those related to film thickness, to control the orientation of the fast growth direction [210] . 
Field-induced order
Pioneering experiments by Amundson and coworkers showed that there is an electrostatic free energy penalty for interfaces perpendicular to an external field and as a result lamellae and cylinders tend to reorient parallel to the field [211] [212] [213] . The transition from parallel to perpendicular orientation is first order [214] and generally occurs when the electric field can overcome the parallel orientation induced by surface interactions [214, 215] . Amundson and coworkers further inferred that defect motion is responsible for the reorientation of the domains from studying the structure of a bulk PS-PMMA film with birefringence [211] [212] [213] . Krausch and coworkers propose both defect translation and grain rotation as mechanisms in block copolymer solutions resulting in similar reorientations [216, 217] . Near the ODT, small-scale undulations allow for microdomain breakup and control reorganization, while in strongly segregated systems grain reorientation dominates [218, 219] . In a block copolymer melt with cylindrical nanodomains, an electric field can not only induce a reorientation of nanodomains in an ordered but misaligned sample but also direct growth of nanodomains during formation at the ordering transition [220] . It was originally thought that the dielectric contrast between two blocks causes them to align so that their interfaces are parallel to an electric field and analogies to capacitors aligned in parallel seemed to capture the behavior of lamellae between electric fields [221] . However, Tsori et al. recently postulated that ions remaining in the film from the polymerization play a role in the reorientation process. Their calculations suggest that in many block copolymer systems, the relative strength of the orienting forces due to ion motion leads to a substantial reduction in the magnitude of the required external field [222] .
In thin films, the electric field may be applied to orient the nanodomains either in the plane of the substrate or perpendicular to it. In-plane electrodes have been fabricated with standard optical lithography and electron-beam evaporation of a metal and used to orient long axes of cylinders of a PSb-PMMA system [223] . Initially, the axes of the cylinders are lying parallel to the substrate due to surface interactions. The axes can then be induced to stretch along the electric field lines when film is simultaneously heated above the glass transition temperature of both blocks. Since electric fields on order 30 kV/cm were necessary to orient the domains, the patterning of an entire wafer would require the use of multiple electrodes and a careful understanding of the electric field formed when applying a voltage between electrodes on top of a thin insulating layer on a conducting substrate. Thurn-Albrecht et al. have shown that out-of-plane electrodes can force PS cylinders to orient perpendicular to the substrate and that these ordered arrays can be used to grow nanowires either by electrodeposition through the porous template or by using it as a mask for etching or patterning the underlying substrate, as schematically illustrated in Fig. 14 [224] .
Analysis of scattering patterns indicated that during alignment of the lamellar nanodomains, the material goes through an intermediate state with substantially reduced long-range order. After orientation, the sample consists of many small grains with the lamellae being oriented parallel to the electric field and a random orientation in the plane perpendicular to the field [225] .
Block copolymers in bulk are routinely aligned by shear fields. Cylinder-forming block copolymers which orient with their cylinder axes parallel to the flow direction have been organized into macroscopic single crystalline arrays [226] . Oscillatory shear performed between parallel plates allowed for control over film thickness, shear rate, and strain amplitude [227] . This form of bulk orientation has since been studied extensively but is beyond the scope of this review. Roll-casting, as developed by Albalak and Thomas, is one of the first techniques to translate shear induced orientation onto a film. In this case, the block copolymer is applied between two counter-rotating rolls and the complex shear field induced by the rolls orients the block copolymer as the solvent evaporates, eliminating the need for a high-temperature annealing step [228, 229] . This technique has been used to align lamellae [229] [230] [231] , cylinders [229, 230] , spheres [232] , and bicontinuous nanodomains [233] , but is only applicable to relatively thick films. Flow of a block copolymer solution down an inclined substrate can also orient thick films containing about 10 layers of cylinders [125] . A stamp made from an elastomeric mold pressed into a block copolymer solution on a solid substrate creates a flow field which has the potential for aligning the block copolymer [234] . Recently, Angelescu et al. have demonstrated that single layers of molten cylinders can be aligned by shear. In this technique, a simple, unpatterned PDMS stamp is placed on a heated film. When subjected to a lateral force, the stamp elastically distorts and shears the underlying block copolymer film which responds by reorienting in the direction of shear [235] .
Combination of techniques to yield three-dimensional control
Many of the applications discussed previously in this article require three-dimensional order either for templating or to produce high aspect ratio, highly ordered structures such as lamellae and cylinders. Directional crystallization can be combined with a topographically patterned substrate to template a special variation in cylinder orientation, as shown in Fig. 15 [210] . Dark field TEM images (not shown here) indicate that the polyethylene lamellae are epitaxially crystallized onto the BA crystal and each cylindrical microdomain contains one crystalline polyethylene lamellae. The heteroepitaxy technique demonstrated by Nealey and coworkers induces lamellae in films just thicker than a lamellar spacing to stand upright and directly controls their long-range order simultaneously [195] . Simulations have demonstrated that cylinders on a hexagonally patterned substrate should also stand up and align [196] .
True three-dimensional control over order frequently requires that more than one direction of organization be controlled usually by the application of multiple external fields. For instance, an Fig. 15 . Directional crystallization may be combined with a topographically patterned substrate to yield spatially varying orientations in block copolymer cylinders. Reproduced with permission from Applied Physics Letters [210] .
elongational flow field applied to a lamellar film can lead to orientation of the lamellae normal to the surface of the film, though the lamellae seem to have very short persistence lengths within the plane of the film. Xu et al. then applied an electric field normal to the surface of the 30 mm flow aligned film to further align the nanodomains [236] such that within the bulk of the film, there was near perfect alignment parallel to the flow direction and normal to the surface as seen in Fig. 16 . The surfaces of the film, however, still demonstrate alignment parallel to the substrates due to surface effects. Alternatively, one could consider using a field alignment technique, such as an electric field or a surface modification to force cylinders or lamellae to align perpendicularly to a substrate in combination with topographic ordering techniques, such as graphoepitaxy to control order within the plane of the film. Li and Huck have used a surface neutralizing random copolymer in combination with nanoimprint graphoepitaxy to demonstrate control over both orientation and organization in cylindrical diblock copolymer films [206] , though this technique has not yet been perfected to yield perfect crystals within perfectly straight channels.
Conclusions and outlook
External forces including interfacial energy, shear, and electromagnetic fields can direct the nanostructure of block copolymer arrays into technologically useful patterns. This review summarizes efforts to control block copolymer nanodomain morphology in thin films. Precise control over pattern formation has proven to be both challenging and successful in opening avenues to new applications. As is obvious throughout this review, countless new methods and interactions which could be used to gain greater levels of control are still not thoroughly investigated. For instance, true three-dimensional order requires control in multiple dimensions and this work has only just begun. Furthermore, while we can accurately control orientation and in some cases organization, we have not fully extended our understanding of bulk systems onto thin films. In particular, many thermal history effects have been exploited to maximize grain size in bulk samples yet have not been explored in thin films. Accessing the order-disorder transition and then quenching into the ordered regime yields extremely large grains in bulk [144, 145] . Is this also true in thin films and if so, how does it affect the point defect density?
The structure of two-dimensional films is strongly influenced by the surfaces sometimes resulting in surface reconstructions. We also do not yet understand exactly how these surface reconstructions relate to the bulk-type order of a thicker film. Spherical nanodomains in films containing only one layer of domains and the top layer of thicker films are known to organize into a hexagonal lattice, while in bulk they are arranged into a body-centered cubic array. The relationship between this top layer and those beneath it is unclear. Two-dimensional systems present their own fundamental issues which we are just beginning to understand. We now know that two-dimensional spherical block copolymer arrays follow many of the predictions of classical two-dimensional crystals. The limit of quasi-long-range order in twodimensional crystals is fundamentally limited by nature of fluctuations in two dimensions. On one level, this puts a strict limit on the level of perfection one can expect from these potential lithographic masks, but it has also been demonstrated that heteroepitaxy may break this limit by forcing perfection. Will high degrees of topographical confinement do the same? Furthermore, questions are arising regarding the complexity of patterns available in block copolymer systems. The use of multiblock copolymers may allow for access more unusual architectures. ABC triblock copolymers in bulk have been observed to self-assemble into at least a dozen distinct morphologies, as shown in Fig. 17 . A number of these morphologies have also been observed in thin films [126, 237] . An alluring future direction of research involves nanopatterning with these complex architectures. A helical coil wrapped around a cylindrical nanodomain (Fig. 17e) has been observed in thin film structures [238] and in perpendicular orientation could yield very interesting resonator applications, while a cylinder in cylinder morphology, as shown in Fig. 17b might allow for the patterning of very small, high aspect ratio columns. The dual colored sphere morphology (Fig. 17g) could be useful in patterning dots on a square lattice not currently accessible via diblock copolymer lithography. The incorporation of a small amount of homopolymer has also been shown to have interesting effects on the nanopatterning of block copolymers [239] [240] [241] . As of yet, it is unclear how standard alignment techniques will work on these more complex systems.
A number of exciting potential applications have been discussed within this review including nanolithographic masks to pattern magnetic data storage and nanowires, the templating of nanoparticles, nanotubes, and nanoporous materials. Functional block copolymers are being explored for use in batteries, fuel cells, photonics, optoelectronic devices, and biological applications. It is apparent that our collective knowledge of self-assembly will soon extend into these much more complex, nonideal systems. Furthermore, our knowledge of block copolymer systems is now poised to tackle problems regarding the perfection of order and extending towards smaller length scales for nanolithography and larger ones for photonics.
